Study Objectives: Questionnaires have been validated as screening tools in adult populations at risk for obstructive sleep apnea (OSA). Portable monitors (PM) have gained acceptance for confi rmation of OSA in some patients with a high pretest probability of the disorder. We evaluated the combined diagnostic utility of 3 validated questionnaires and a Level III PM in the diagnosis and exclusion of OSA, as compared with in-laboratory polysomnography (PSG) derived apnea hypopnea index (AHI). Methods: Consecutive patients referred to the Sleep Disorders Clinic completed 3 testing components: (1) 3 questionnaires (Berlin, STOP-Bang, and Sleep Apnea Clinical Score [SACS]);
S C I E N T I F I C I N V E S T I G A T I O N S
O bstructive sleep apnea (OSA) affects 24% of adult men and 9% adult women in North America. [1] [2] [3] A questionnairebased survey in 2009 by the Public Health Agency of Canada (PHAC) estimated that 22% (5.4 million) of adult Canadians report either being diagnosed with sleep apnea (3%) or are at high risk for OSA (19%). 4 Untreated OSA has been associated with serious long-term medical and neurocognitive complications, including premature death. [5] [6] [7] The recommended diagnostic test for OSA includes an overnight in-laboratory technologist-attended sleep study (Level 1 polysomnography [PSG]). 8 In addition to monitoring sleep stage by electroencephalography, electro-oculography, and chin electromyography, PSG includes monitoring of electrocardiography, respiratory effort, airfl ow (nasal pressure and oronasal thermal sensor) and snoring, oxygen saturation, leg movements via electromyography on the anterior tibialis muscles, and body position. This procedure is time-and laborintensive, and costly. Given the large number of individuals in the population likely to be suffering from OSA, it is not surprising that a great majority remain undiagnosed. 9 It is clear that the challenge of providing a diagnosis of OSA to those suffering from the disorder cannot rely on in-laboratory polysomnography alone, and that simpler and less expensive on clinical symptoms and anthropomorphic risk factors. [12] [13] [14] [15] [16] [17] Portable monitors that include the recording of oximetry, respiration, heart rate and rhythm, and body position have gained increasing acceptance as a diagnostic tool for sleep apnea. The complexity of physiological measures included range from the equivalent of a full PSG at home without the continuous attendance of a technologist (Level II polysomnography) to overnight pulse oximetry alone (Level IV). [18] [19] [20] In a previous report, we demonstrated a high level of agreement for OSA between a Level III portable device and in-laboratory PSG for the diagnosis of OSA, particularly at a threshold AHI of 15 (moderate OSA). 19 Hence, we were curious whether we could harness the screening power of validated questionnaires and the objective physiological measures provided by a Level III device to optimize out-of-laboratory diagnosis of OSA, and potentially obviate the need for PSGs in non-selected referrals to the sleep clinic. We evaluated the combined use of three previously validated questionnaires and a home-based Level III portable monitoring study compared with in-laboratory PSG, for the diagnosis of OSA in consecutive referrals to the sleep clinic.
METHODS

Study Participants
Consecutive referrals to the Sleep Disorders Clinic at Kingston General Hospital, Kingston, ON, were invited to participate in the study. All patients were informed that their participation was completely voluntary, and they received nominal compensation for incurred expenses only. The study was approved by Queen's University Health Sciences and the affiliated teaching hospital's research ethics board. Inclusion criteria included the ability to apply the Level III monitoring equipment without supervision (after brief initial training) and a primary residence within 100 miles of the sleep clinic (for returning the PM equipment). Exclusion criteria included known COPD, congestive heart failure, or uncontrolled asthma.
Study Design
The study was prospective, involving patients referred to the Kingston General Hospital Sleep Clinic. Study participants were recruited and interviewed by the Research Assistant (EJP), and consenting individuals completed 3 questionnaires: (1) Berlin Questionnaire, 13 (2) Sleep Apnea Clinical Score (SACS), 14 and (3) STOP-Bang. 12 Common features of the questionnaires include physical symptoms of snoring, witnessed episodes of apnea, and hypertension. Based on the Berlin and STOP-Bang questionnaires, respondents were categorized as low or high probability for OSA, while the SACS categorized low (likelihood ratio of AHI < 5 = 0.25), intermediate (ratio of AHI < 15 = 2.03), or high probability (ratio of AHI > 15 = 5.17) of having the disorder.
Upon completion of the questionnaires, participants were shown how to set up the portable monitor. They were asked to wear the Level III portable monitoring device (MediByte; Braebon Medical Corporation, Ottawa, ON) for 2 consecutive nights at home. The first night of recording was used in the analysis, with the second night as a back-up if recording from the first night did not provide sufficient data. The PM device consists of 2 inductance bands for thoracic and abdomen measurement, a nasal cannula pressure transducer airflow signal, finger pulse oximetry, and a body position sensor. The typical at-home set-up is shown in Figure 1 . Patients were given the option to either manually turn on the device before switching off the lights at night and turn off the device once awake in the morning, or to have the device start and stop automatically at predetermined times.
Following completion of home testing, patients attended the Sleep Disorders Laboratory at Kingston General Hospital for a full overnight PSG. Recordings were conducted using Sandman Elite SD32+ digital sleep recording system (Natus [Embla]; Ottawa, ON), and included 4 EEG channels (C4-A1, C3-A2, O2-A1, F3-A2), 2 EOG channels (ROC-A1, LOC-A2), submental EMG, intercostal (diaphragmatic surface) EMG, bilateral anterior tibialis EMG, ECG, respiratory piezo bands (chest and abdomen), finger pulse oximetry, a vibration snore sensor, nasal pressure airflow, and oronasal thermocouple. PSG recordings were conducted as either a diagnostic study or, in the event of severe OSA, a split-night study. For split-night studies, the initial diagnostic period was followed by the introduction of treatment during the night, and only the diagnostic part of the recording was used for comparison.
Data from the questionnaires and portable monitoring device were manually scored by an experienced scorer (EJP) who was blinded to the results of the in-lab polysomnography. The PSGs were manually scored using standard criteria by registered polysomnographic technologists, who in turn were blinded to results of the questionnaires and the PM device. [20] [21] [22] [23] Sixty-four percent of the scored PM data were reviewed by an experienced technologist (HSD) (the concordance between the 2 scorers, EJP and HSD, was 99.2%), and all the PSG studies were reviewed by a sleep specialist. For both PSG and PM data, Figure 1 -Full set-up for the at-home portable monitoring device apneas were scored as a cessation of airfl ow ≥ 50% for ≥ 10 sec, and hypopneas were scored as a reduction in pressure-derived airfl ow of 50% to 90% from baseline for ≥ 10 sec followed by ≥ 3% oxygen desaturation. 20, 22 For the PSG, the defi nition of hypopnea also included ≥ 50% reduction in pressure-derived airfl ow amplitude associated with arousal, in the absence of a desaturation ≥ 3% (alternative criteria). 22 The outcome measure for the PSG data was the apnea-hypopnea index (AHI), which was defi ned as the number of apneas and hypopneas per hour of sleep, and the outcome measure for the PM data was the respiratory-disturbance index (RDI), defi ned as the number of apneas and hypopneas per hour of recording time.
Data Analysis
A dot plot comparison was conducted for the probability rating of sleep apnea based on each questionnaire (Berlin and STOP-Bang as low-high; SACS as low-intermediate-high) as compared to the PSG derived AHI (events/h). Measurement agreement and correlation analysis of the RDI and AHI values based on the PM and PSG, respectively, were obtained and a Bland-Altman plot of agreement was constructed. 24 Multilevel, mixed-effects Poisson regression analysis was used to investigate possible sources of differences between the recording methods, including gender and obesity (BMI ≥ 30 kg/m 2 ), while accounting for differences in recording time. The outcome measurement was the observed counts of respiratory events, with the observations nested in individuals-individuals were considered random effects, while recording method, gender, obesity, and their interactions were considered to be fi xed effects.
The agreement of each of the 4 screening tools was assessed, compared with PSG, at different threshold AHI threshold values (5, 10, 15, and 30) . For each AHI threshold, PM and questionnaire data were rated as true-positive (TP), false-positive (FP), truenegative (TN), or false-negative (FN), allowing for a measure of the sensitivity and specifi city for each of the diagnostic screening methods. 25 Receiver operating characteristic (ROC) curves were also plotted to assess the trade-off between false-negatives and false-positives in order to evaluate the area under the curve (AUC), which provides a measure of the diagnostic utility of the screening tools. Likelihood ratios (LR) were calculated to determine the practical signifi cance of the screening measures.
To evaluate the effectiveness of a combination of questionnaires and PM, 2 separate analyses were conducted: (i) the presence of OSA was defi ned as scoring high on ≥ 2 questionnaires along with a PM RDI ≥ 10 events/h, and (ii) the absence of OSA was defi ned as scoring low on ≥ 2 questionnaires along with a PM RDI < 10 events/h. ROC curves, AUC, and LR were also calculated for the combination of screening measures by severity groups based on AHI thresholds 5, 10, 15, and 30 to assess for signifi cance. A stepwise multiple linear regression was used to model the relationship between the various screening tools and the PSG AHI in order to determine the best combination of questionnaires and PM at each AHI threshold value; the PSG AHI was used as the dependent variable, and the questionnaire scores (Berlin and STOP-Bang scored as 0, 1, and SACS scored as 0, 1, 2) and RDI based on the PM as the independent variables.
RESULTS
One hundred twenty-eight patients were recruited into the study (84 M, 44 F; mean ± SD: age 50 ± 12.3 years, BMI 31 ± 6.6 kg/m 2 , neck circumference 41 ± 4.4 cm). On average, patients reported that they snored (3-5 times a week), felt fatigued (3-4 times a week), and had witnessed apnea (1-2 times a month). The PM data for 13 participants (10%) were analyzed from the second night rather than the fi rst due to unusable or lost data resulting in insuffi cient (< 2 h) recording time on the fi rst night.
The mean AHI, derived from PSG, for the OSA risk categories determined by the questionnaires is shown in Table 1 . Dot plots for each questionnaire compared to the PSG AHI are displayed in Figure 2 ; they illustrate a signifi cant overlap and a wide range in the AHI between the different categorical probability ratings for each questionnaire. The mean PSG AHI for each of the questionnaire ratings are provided in Table 1 .
Objectively recorded data for the PM and PSG are summarized in Table 2 . The total recording time on PM was longer by 
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Low High . There was a positive correlation between the PM derived RDI and PSG derived AHI (r = 0.69, r 2 = 48%; Figure 3) . The Bland-Altman plot (Figure 4) shows the mean difference between the PM-RDI and the PSG-AHI, with an underreporting by the PM of -11.2 ± 19.2 events/h, with limits of agreement (± 2 SD) at +29 and -51. The mean percent difference between the 2 measures was -40%, with limits of agreement at +90% and -170%. The PM-based RDI under-reported the rate of respiratory events for women and non-obese men by 27% (women: p < 0.001, IRR = 0.73, 95% CI: 0.70, 0.75; nonobese men: p < 0.001, IRR = 0.73, 95% CI: 0.70, 0.76), and for obese men by 38% (p < 0.001, IRR = 0.62, 95% CI: 0.60, 0.64).
The sensitivity and specifi city of each screening tool at various PSG-AHI thresholds is displayed in Table 3 . For a threshold AHI of 10 events/h, the Berlin, SACS, and STOP-Bang questionnaires had sensitivities of 88%, 33%, and 90%, respectively, and specifi city of 25%, 75%, and 25%, respectively. The positive (PPV) and negative (NPV) predictive values were 81%-83% and 24%-41%, respectively. In comparison, the PM had a sensitivity of 79% and specifi city of 86% (PPV 95%, NPV 53%). Based on the ROC curve for an AHI threshold of 10 (Figure 5) , the AUC for the PM at 0.82 was higher than that for any of the 3 questionnaires (≤ 0.58). For a PSG-derived AHI diagnostic threshold of 15 events/h (moderate OSA), the sensitivity and specifi city for each measure was: Berlin 91%, 28%; SACS 35%, 78%; STOP-Bang 93%, 28%; PM 77%, 95% ( Table 3) .
Sensitivity and specifi city were also calculated for a combination of the screening tools (presence of OSA = high risk for ≥ 2 questionnaires and PM RDI ≥ 10 events/h; absence of OSA = low risk for ≥ 2 questionnaires and PM RDI < 10 events/h) and are provided in Table 3 . For an AHI threshold of 10 events/h, the combination of questionnaires and PM had a sensitivity of 71% and specifi city of 89% for the presence of OSA (PPV = 96%, NPV = 46%), and a sensitivity of 94% and specifi city of 25% for excluding OSA (PPV = 82%, NPV = 54%). The AUC for the combination of questionnaires and portable monitor was 0.80 (Figure 6) for the presence of OSA and 0.59 (Figure 7) for the absence of OSA. Positive and negative likelihood ratios for each individual screening tool along with the combination of the questionnaires and portable monitor are displayed in Table 4 .
Stepwise multiple regression analyses were used to examine the relationship between the PSG AHI and the various screening tools. A model using all 3 questionnaires and the portable monitor produced an R 2 = 0.487, F 4,123 = 29.22, p < 0.001. Of all 4 screening tools, the portable monitor was the only screening device with a statistically signifi cant regression coeffi cient, b = 0.91, ß = 0.658, p < 0.001. In fact, none of the questionnaires contributed signifi cantly to the multiple regression model, p-values > 0.35; combined, the questionnaires accounted for less than 1% of the variation of the regression. Our analysis is estimated to have had 90% power (1 -ß error probability) of detecting a Cohen's effect size f 2 of 0.1 (medium effect size), given a sample size of 128 patients and α error probability of 0.05.
DISCUSSION
This study demonstrated that in a consecutive series of patients referred to a hospital-based sleep clinic, questionnaires that have been previously well-validated in other populations were not accurate in determining the presence or absence of OSA. None of the three questionnaires used had adequate sensitivity (proportion of patients with OSA who screen positive) and specificity (proportion without OSA who screen negative) to render them sufficiently reliable in a clinical setting to rule in or to rule out OSA-two of the questionnaires (Berlin and STOP-Bang) were found to have a high sensitivity for OSA but low specificity, while the SACS had higher specificity but low sensitivity for OSA. Overall, the portable monitor was found to perform significantly better in the identification as well as the exclusion of OSA than any The accuracy and reliability of questionnaires used to screen for OSA appears to vary depending on the patient population studied and the diagnostic AHI threshold used. 14, 16, 27 In contrast to the present study of patients referred to a sleep clinic, in community screening the Berlin questionnaire had a high sensitivity (85%) and specificity (95%) at an AHI threshold of 5 events/h. 27 However, Netzer reported that when the AHI threshold for the diagnosis of OSA was raised to 15 events/h, sensitivity levels were reduced to 54%. 13 A decrease in specificity with increasing AHI was mirrored in the STOP-Bang questionnaire, where specificity dropped from 56% to 43% with a change in AHI from 5 to 15 events/h, respectively. 12 Compared to questionnaire responses, portable monitors have shown a consistently high degree of sensitivity and specificity even at higher AHI thresholds with a bias of underreporting the OSA severity. 19, 28, 29 Our findings also showed a low negative predictive value for the portable monitor, both with and without the addition of the questionnaires, suggesting that the monitor may be able to establish a diagnosis of OSA with a high degree of certainty, but that it may not be able to conclusively rule out OSA. Guidelines from the Canadian Thoracic Society and Canadian Sleep Society have suggested that portable monitors be used in patients with a high pretest probability of OSA, and previous research has shown these devices to have a moderately high negative predictive value (71% to 100%) for patients with a high likelihood of having the disorder. 20, 29, 31 It had been our belief that the NPV of this objective diagnostic method would be increased with the addition of subjective questionnaires, but it appears that the portable monitor alone still outperformed the combination of the portable monitor and questionnaires in negative predictive value.
A potential contributing factor to the underreporting of OSA severity with the PM as compared with PSG is that the denominator is total sleep time for PSG and total recording time for the PM. By recalculating the PSG scored apnea and hypopnea index in the present study using total recording time rather than total sleep time as the denominator, there was an improvement in the performance of the PM such that the PM underreported the rate of respiratory events for women by only 5% (p = 0.001, IRR = 0.95, 95% CI: 0.91, 0.98), for obese men by 14% (p < 0.001, IRR = 0.86, 95% CI: 0.83, 0.88), and did not underestimate the AHI for non-obese men (p = 0.42, IRR = 0.99, 95% CI: 0.95, 1.02).
Different scoring rules for hypopneas have been found to affect the resultant AHI. 32 The highest AHI was based on 1999 ("Chicago") scoring criteria (hypopnea based on ≥ 50% decrease in airflow or < 50% reduction in airflow associated with a 3% oxygen desaturation and/or arousal), followed by the alternative criteria that was used in this study (≥ 50% pressurederived airflow reduction and ≥ 3% desaturation or arousal) and lowest using recommended criteria for hypopneas (≥ 30% pressure-derived airflow reduction and ≥ 4% desaturation). 21, 22 The authors suggested that the AHI cutoff of 5 events/h using AASM recommended criteria is approximately equivalent to an AHI of 15 events/h using the 1999 hypopnea definition and 10 events/h using the alternative AASM definition. 32 Scoring of hypopneas in our study was based on the AASM alternative criteria, but without the option of identifying arousals on the PM, which contributed to underreporting by this screening tool. We have demonstrated that objective data from a portable monitor was superior to questionnaires in the identification and exclusion of OSA. Recently the Centers for Medicare and Medicaid Services and a position statement from the Canadian Thoracic Society and Canadian Sleep Society have endorsed the use of portable monitors as a means of providing sufficient evidence for the diagnosis of OSA, under defined circumstances and with specific patient populations. 31 These rulings, and the results of the current study, support the judicious use of portable monitors in the diagnosis of OSA, in association with appropriate clinical assessment.
Many patients with OSA are only minimally symptomatic. In the Sleep Heart Health Study, the average Epworth Sleepiness Scale (ESS) score of patients with severe OSA (AHI > 30) was within normal limits. 32 Indeed two-thirds of patients with severe OSA had an ESS within normal limits, while 21% with an AHI < 5 (normal) had an ESS score that was higher than normal. 32 Hence, the reliance of sleepiness as a symptom to determine the presence or absence of OSA is fraught with uncertainty. In addition, although obesity increases the propensity to OSA for simple anatomical reasons, many patients with OSA are not overweight. 33 It is our belief that the overlap in symptom profile and anthropomorphic features between individuals with OSA and those without underpins the weak discriminant ability of screening questionnaires for OSA (as demonstrated in the current study), even when anthropomorphic data is added. A critical factor here is the current uncertainty as to whether asymptomatic or minimally symptomatic OSA carries similar cardiovascular consequences to symptomatic patients with the OSA syndrome; if not, then the detection of clinically important OSA-based on symptoms-may prove to be adequate. 34 It is important to acknowledge the limitations of the current study. Although our patient group was recruited from a series of consecutive referrals to the sleep clinic, our data did not come from a community-based random sample, and as such, our results may not be generalizable to the general population. Further research would be required to determine whether or not the sensitivity and specificity of the portable monitor would be maintained when testing more heterogeneous groups. It is also possible that our findings are specific to the particular brand of portable monitor used for the study (MediByte; Braebon Medical Corporation) and may not be as generalizable to other Level III devices. As such, it would be important to test patients without a high pretest probability of OSA on other portable monitors to further validate our findings. In addition, although the portable monitor and PSG had a moderately positive correlation for AHI, there were significant outliers in our data-which could potentially relate to the presence of other sleep disorders, particularly movement disorders and periodic limb movements. There are potential advantages of the use of at-home PM studies over in-lab PSG; for example, home sleep testing may better represent habitual sleep habits, including posture, as compared to in-laboratory testing, where patients are likely to spend more time sleeping supine. 35 In-laboratory testing may also underrepresent habitual alcohol consumption at night, because of the need to drive to the sleep laboratory. Hence, the systematic underestimation of the RDI by PM, that does not include instrumentation for measurement of the sleepwake state, may be balanced to some extent by the less than perfect reflection of true sleep-related habits provided by the "gold standard" PSG.
In conclusion, the current study demonstrated poor discriminant ability for OSA among previously validated questionnaires, and emphasizes the need for objective physiological monitoring in the identification and exclusion of OSA. Furthermore, in the current study, the use of questionnaire data did not further enhance the diagnostic utility of a Level III portable monitor for the diagnosis and exclusion of OSA.
